A stable disulfide-free gene-3-protein of phage fd generated by in vitro evolution.
Disulfide bonds provide major contributions to the conformational stability of proteins, and their cleavage often leads to unfolding. The gene-3-protein of the filamentous phage fd contains two disulfides in its N1 domain and one in its N2 domain, and these three disulfide bonds are essential for the stability of this protein. Here, we employed in vitro evolution to generate a disulfide-free variant of the N1-N2 protein with a high conformational stability. The gene-3-protein is essential for the phage infectivity, and we exploited this requirement for a proteolytic selection of stabilized protein variants from phage libraries. First, optimal replacements for individual disulfide bonds were identified in libraries, in which the corresponding cysteine codons were randomized. Then stabilizing amino acid replacements at non-cysteine positions were selected from libraries that were created by error-prone PCR. This stepwise procedure led to variants of N1-N2 that are devoid of all three disulfide bonds but stable and functional. The best variant without disulfide bonds showed a much higher conformational stability than the disulfide-containing wild-type form of the gene-3-protein. Despite the loss of all three disulfide bonds, the midpoints of the thermal transitions were increased from 48.5 degrees C to 67.0 degrees C for the N2 domain and from 60.0 degrees C to 78.7 degrees C for the N1 domain. The major loss in conformational stability caused by the removal of the disulfides was thus over-compensated by strongly improved non-covalent interactions. The stabilized variants were less infectious than the wild-type protein, probably because the domain mobility was reduced. Only a small fraction of the sequence space could be accessed by using libraries created by error-prone PCR, but still many strongly stabilized variants could be identified. This is encouraging and indicates that proteins can be stabilized by mutations in many different ways.